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PREFACE 


A portion of the material herein presented was ob- 
tained while on duty at the Westinghouse Electric Corpor- 
ation, Baltimore, during the period 3 January - 17 March, 
1950. Work was conducted on an exverimental triggered 
spark gap modulator under the guidance, and with the 
assistance of the engineers in the Radar Section, Govern- 
ment Engineering Group, Electronics and Xray Division. 

The author wishes particularly to acknowledge the help- 
ful advice and assistance rendered him by Mr. D. R. Trashjian, 
the Section Engineer, and Messrs. R. N. Riley and H. L. 


Jackson. 
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INTRODUCTION 

1. Brief history of development 

The attempt to increase radar range by the "brute 
force" method of transmitting morepowerful pulses has 
again created a switching problem. At peak powers of 
5900 kilowatts and below the hydrogen thyratron has proven 
to be a cheap, compact, and reliable switch. In the 
megawatt region of peak pulse pvowers the hydrogen 
thyratron is, at this time, very expensive and unreliable. 
The possibility of using triggered spark gaps in high 
power radar modulators is therefore being investigated. 

Karly spark gap investigations covered such 
possibilities as fixed two-and three-electrode gaps 
Operating in air with forced circulation of the air in 
order to aid deionization, veatrons (vacuum are devices), 
and ignitrons. The trigatron an enclosed three-electrode 
gap was found to give satisfactory service for low vower 
applications in which long life was not recuired. 

Recently the Microwave Laboratory at the University 
of California has been investigating the use of open-air 
triggered spark gaps at very high powers and low revetition 
rates. This latter work has been mainly at peak pulse powers 
of 200-400 megawatts, at pulse repetition rates of 60 cycles 


per second and below. 
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The work at Westinghouse was undertaken to in- 
vestigate the possibility of using open-air triggered 
Spark gaps to switch peak powers of around 6-8 mega- 
watts at a pulse repetition rate of 1200 cycles per 
second. An experimental modulator was constructed 
in which peak pulse powers of 8 megawatts were switch- 
ed at 1200 cycles ver second. This is believed to be 
the first attempt to use open-air triggered spark gap 
Switches at both high pvower and high repetition rates. 
The air blast required is a major disadvantage of this 
type switch. Up to 200 cubic feet of air per minute 
was required. 

2. The nature of the spark discharge. 

When the voltage between two electrodes is raised 
to, or above, the static-breakdown point, a spark will 
occur. (In figure 1 this gap threshold voltage, as 
determined independently by Schumann and Fletcher (1) 
is plotted vs. gap width). This spark is caused by the 
breakdown of the gas in the region between the electrodes, 
and is a result of the ionization of the gas molecules 
by the accelerated free electrons in the vicinity. 

This acceleration is imparted to the electrons present 
by the electric field existing between the terminals, 

and is directly proportional to the potential difference 
across the gap. The higher the applied voltage, or the 
greater the number of free electrons vresent, the shorter 


the elapsed time between application of the voltage and in- 


itiation of the discharge. For example, if the voltage 
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is just equal to the static-breakdown potential, a "time 
lag" of several minutes may occur. If the voltage is 
raised to a value two or three times the minimum required, 
the time lag is reduced to the order of hundredths or even 
thousandths of a microsecond, Windred (2). After the 
ignization commences, a short interval, of the order of 
-Ol microsecond, trans ires before the discharge attains 
the properties desired for use as a switch. At the end 
of this very short “breakdown time", the gas between the 
electrodes has changed from an insulating medium to one 
capable of carrying quite high currents. Factors deter- 
mining the characteristics of discharge are the type of 
gas, gas pressure, gap geometry, and the shape of the 
applied voltage wave. 

In order to utilize the above proverties of the spark, 
the breakdown must be controlled, and this can easily be 
done by heavily overvoltageing the gap. In the case of a 
fixed gap, a high transient peak voltage is applied to one 
electrode. For three electrode triggered gaps the high 
transient veak voltage is applied to the trigger electrode 
which causes the trigger gap to breakdown. This ionizes 
the gas molecules and the main gap breaks down a fraction 


of a microsecond later. 
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PREVIOUS DEVELOPMENTS 
1. British triggered gaps 
a. General develovment 


* commenced in 


The work on the British trigatron 
January 1941, Craggs (4). Although rotary gaps had been 
found suitable for certain applications, it was desirable 
for a stationary-electrode system to be produced in which 
the spark discharge could be controlled at accurately de- 
determined instants by the incidence of a regularly recurr- 
ing trigger pulse. A gap of this type was developed to 
a satisfactory state for operation in open air by the 
summer of 1941. 

The open air trigatron consisted essentially of 
three eg@lectrodes, arranged as shown in figure 2(a). It 
was connected in the circuit so that the undrilled elec- 
trode was negative with respect to the drilled electrode 
and the trigger electrode. The latter two electrodes 
were normally at the same potential and were connected by 
a high resistance. The trigger pulse was positive with 
respect to the surrounding electrode. About a 3 to 6 KV 
trigger pulse of short duration was used. The method 
generally used to provide these pulses employed the volt- 
age across an inductance in the plate of a large vacuum 


tube that was cut-off at the repetition frequency. Typical 


*Metropolitan Vickers Electrical Co., Ltd. 
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Basic Trigatron Wodulator Circuit 
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values used were a current of 1 ampere and an inductance 

of 10 millihenries which produced a peak voltage of 10 KV. 
The peak value of the trigger voltage was reached in about 
1.5 microseconds. The coupling arrangement between the 
trigger tube and the trigger electrode was usually a con- 
denser shunted by a high resistance leak, of about 100,000 
ohms. Another resistance of the order of 1000 ohms was 
found to be desirable in series with this condenser and the 
trigger wire to suppress oscillations occurring immediately 
after breakdown of the trigger gap. 

Because of the need for the use of the equipment in 
aircraft, consideration had to be given to compactness of 
design and lightness of weight. It was also necessary for 
the apparatus to operate at high altitudes and therefore 
at reduced air pressures. This made it urgent for a spark- 
gao to be developed to operate in a sealed enclosure, and 
after investigation of the vehaviour of the gavs in various 
gases and gas mixtures and with different electrode mater- 
jals, a satisfactory form of sealed gas, now known as the 
trigatron, was developed by January, 1942. The trigatrons, 
which were the prototypes of the commercially-produced 
models, consisted of glass bulbs containing a mixture of 
approximately 95 per cent argon and 5 per cent oxygen at 
a pressure of 1 to 6 atmosnheres with sparking surfaces 
of molybdenum and tungsten. Oxygen was used in a trigatron 
principally to maintain an oxide coating on the surfaces 
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of the electrodes and thereby to limit the rate of electr- 
ode erosion. Oxygen was also needed in these gaps to quench 
mestastable atoms of argon after discharge. The life of the 
trigatrons is around 300-500 hours. Failure is caused by 
a reduction in the amount of oxygen present, by combination 
with the molybdenum and tungsten electrodes, to a value 
that is insufficient to quench metastable atoms of argon 
after the discharge, Craggs (4). The tube then fails to 
deionize vroperly. Failure is not caused by electrode 
erosion, for it operates satisfactorily after being pumped 
and refilled. 

Further discussion of enclosed triggered gaps will 
not be vresented here, since this paper is concerned 
primarily with open air triggered gaps. 
b. Mechanism of operation 

If the breakdown voltage of the gap between the two 
main electrodes of the triggered spark gap in the absence 
of the trigger voltage is V,.,,, then the breakdown may 
be caused to occurr at any voltage V down to V,;, on the 
application of the trigger pulse. The voltage V may be 
maintained indefinitely across the gap until the trigger 
pulse is applied. 

The reduction in normal breakdown voltage is thought 
to be caused by the concentration of the voltage gradient 
in the region of the trigger electrode on the application 


of the trigger pulse, Craggs (4). While the magnitude of 
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the trigger voltage has some effect on the amount of lower- 
ing of the breakdown voltage, the observations show that 
the lowering is considerably greater than that to be ex- 
pected by direct addition of the trigger voltage to the 
voltage applied between the main electrodes. With short 
gap spacings, oscillographic studies show that, over at 
least part of the operating range, the voltage on the 
trigger electrode has dropped to about that of the surround- 
ing electrode before breakdown of the main gap takes place. 
In this case the lowered breakdown voltage of the gap 

may be caused by field distortion in the gap due to space 
charge formation resulting from the photo-ionizing effects 
of the trigger spark. 

A further consideration in the operation of the trig- 
gered gap is the need for irradiation of the gap, so that 
the vresence of primary electrons to initiate the discharge 
is ensured at the instant the voltage vulse is applied. 
This irradiation is m ovided by corona discharge which 
forms around the trigger electrode. In the British trig- 
atron the insertion of an insulating cylinder of high di- 
electric-constant between the wire and the surrounding 
anode (see figure 2a), causes the gas in the vicinity of 
the wire to become highly stressed and the corona discharges 
is thereby intensified. 

While the overating range of the triggered gap when 


used to control single discharges lies between the voltages 
9 
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affected both by the pulse energy and the PRF., This is be- 


the operating range for recurrent pulses is 


cause the dielectric strength of the gap has not fully re- 
covered from the effect of one spark before the next spark 
occurs. For this reason the maximum operating voltage 
decreases with increasing PRF. 

Consideration of the manner in which the dielectric 
strength recovers enables an explanation to be given of 
the imnroved performance of the trigatron which was obser- 
ved when linear charging was used in preference to resonant 
charging. This may be seen by reference to figure 3, where 
a comparison is made between the linear charging curve, 
the resonant charging curve and the re-striking curve. 
(The latter was determined essentially by observing the 
lowest steady d.c. voltage at which spark breakdown occurs 
in the main gap when the trigger voltage is continuously 
applied, Craggs (4).) It is essential that the charging 
curve should fail beneath the re-striking curve, or else 
breakdown of the gap will occur before the voltage reaches 
the required crest value. This corresponds to what is 
known as pre-firing of the gap. investigations tend 
to show that rate of recovery of the gap is closely 
associated with the rate of cooling of the gas which has 
been heated by the passage of the spark, and that resid- 
ual ionization in the gas is a less imvnortant factor, 


Crages (4). 
10 
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C. The four electrode triggered air gap 

Following the work of Craggs (4), Haine, and Meek, 
in the development of a three electrode triggered gap 
in which the trigger electrode (surrounded by the common 
electrode) had its tip in a position of high electrostatic 
stress due to the main field, Wilkinson(5) developed a 
modification of this, wherein the essential need for pre- 
irradiation of the cathode should be effected by illumina- 
tion from an auxiliary spark, and ventilation by air blown 
at low pressure. Figure 3(b) shows the general arrange- 
ment of the gaps used. Trigger voltage was not applied 
until a spark had passed from the "starter" to the trigger 
electrode. This starter-spark was so positioned that it 
could irradiate, through the trigger annulus, that part 
of the main electrode (in this case the cathode) which was 
nearest to the trigger and from which the trigger streamer 
must be initiated. 

Jitter which in the absence of the starter-spark 
varied between 0.1 and 0.5 microsecond, was reduced by 
the starter to less than 0.05 microseconds. The reduction 
in jitter was greatest at the unper limit of the main-volt- 
age range. 
d. Experimental results 

The curves of figure 4 (a) show some results obtained 
with a trigatron of the tyne illustrated in figure 2 (a) 
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Fig. 4 
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when discharging a line capacitance of 0.005 microfarads 
and pulse duration of 1.2 microseconds into a 125 ohm 
load at 400 p.p.s. The trigatron operates satisfactorily 
at any voltage within the limits bounded by the two curves 
corresponding to the upper and lower operating voltages. 

Many electrode materials were tested by Craggs (4) 
and colleagues but it was found that only tungsten and 
molybdenum gave satisfactory results. For reasons of 
convenience of manufacture and ease of supvply, molybdenum 
was finally chosen for the sparking surfaces of the two 
main electrodes. Tungsten was used for the trigger wire. 
The use of these two metals not only increased the life 
of the gap, over that realized with lower melting point 
metals, but also the characteristics of the gap were 
improved. 

With increasing PRF the operating range of the 
trigatron decreases as shown in figure 4 (b), which refers 
to a 0.005 microfarad line discharging into a 125 ohm 
resistive load. A considerable improvement in the perfor- 
mance of the trigatron, for higher pulse energies at 
increased PRF's, is obtained by the use of an air blast 
entering the gap through the trigger hole. The open air 
trigatron may then be used to switch 2 megawatt, 1 micro- 
second pulses at a PRF of 1000 p.p.s. Wilkinson (5), as 
well as subsequent investigators, found that switching 
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very high power pulses required an air blast through the 
main gap. 

Wilkinson (5) revorts the development of four electr- 
ode triggered air gaps capable of switching 12 KV, 55 
ampere, 0.5 microsecond vulses at 1500 p.p.s. when sup- 
plied with 6 cu.ft. of air per minute through a nozzle 
at a pressure of 6 inches of water. The electrodes are 
made of tungsten and have been run over 2000 hours in 
the British AS442 modulator (A.A. No. 2 Mk II) with adjust- 
ment of its starter-trigger gap, and its trigger position, 
at intervals of 500 hours. 
2. General Electric triggered gaps 

The early work conducted by Tonks (6) at General 
Electric was with voltage halving or series type gaps. 
The gaps consisted of three spheroids, tungsten faced, 
arranged in a circuit like that shown in figure 5 (a). 
Tungsten was found to give less wear than other materials 
tested. (In regard to electrode wear Tonks (6) tested 
Ho, Pt, Al, Ag, Ta, Carborundum, Brees, Cu, Ni, Zn, 5i, 
Tungsten, and gravhite. Of these he found that tungsten 
was best and molybdenum next best: in general the lower 
melting point producing the greater wear. He found that 
wear is a function of pulse length and current). The gaps 
were triggered by grounding the center spheroid through a 
tetrode (RK 65). At low voltages it was necessary to 
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shine ultraviolet light on the cathode surface and also 
to clear away the ionization of the spaces between spher- 
oids by an air blast. At 2700 p.p.s. a “tremendous quantity 
of air" was required. It was therefore decided to use 
air only where the svark jumped. Using the gap shown in 
figure 5 (b) the arc was confined to a narrow central 
beam. The tungsten boss on the back of the electrode 

was the cathode in one gap; the tungsten pin the anode 

in the other. Polarity was found to be imvortant. 
Electrode 3, figure 5 (a), carried a boss only; electrode 
1 a pin only. The diameter of the tungsten wire was 40 
or 60 mil. The spacing between gaps was varied between 
1/4" to 5/8". There was found to be a certain limiting 
ratio between the diameter of the electrodes and the gap 
length; if the diameter was too small the sparks were er- 
ratic. Experimentally the minimum electrode diameter to 
gap length ratio was found to be 2.5 to 3. The amount of 
air required depending on the stand-off voltage, pulse 
rate and current was from 1 to 5 cubic feet per minute. 
Spark Trigger Gap (See figure 5 (c)) 

In later work Tonks (6) modified one spheroid for the 
voltage halving gap by insulating the axial electrode for 
spark triggering. The trigger was obtained as shown in 
figure 5 (d). This gap was run with the trigger electrode 
flush to the front face of the anode button. Good timing 
was obtained until the trigger was worn 25 mils in back 
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of the front face. Greater wear than that caused jitter. 
Pushing the wire forward restored the gap for normal 
operation. No ultraviolet light was necessary; or perhaps 
the trigger itself provided it. It was found that the 
trigger must have sufficient power to give considerable 
ionization. 

For the spark trigger gap Tonks (6) made a study of 
minimum and maximum voltage breakdowns over which satisfac- 
tory results were obtained, i.e., less than 0.1 microsecond, 
time jitter. This was done at several pulse repetition 
rates and with different amounts of air blast. The PFN 
was 150 ohms giving a 1 microsecond pulse across a load 
of 150 ohms. Tyvical results obtained for a gap spacing 


of 0.35" are shown below in tabuler form. 


See 


1000 pps 5 = 8.5 KV 
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2300 7 11.5 
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It is seen thet increasing the pulse repetition rate 
restricted the voltage control range. 

Results Obtained by Tonks with Trigeered Gaps_on Systems 

The CXAZ equinment used a triggered spark gap mod- 
ulator switch producing 15 KV pulses into a 400 ohm load, 
i.e., about 40 amveres across the gap at a PREF of 656 p.p-.s. 
The gap operated 100 hours with one kickout using a 3/32" 
orifice. After readjustment of the trigger point it ran 
134 hours with two kickouts using a 1/8" orifice. The 
wear converted to pulse rate was 1/4" of tungsten in 600 
hours or 0.014"/day at a PRF of 1000 p.p.s. 

The Tonks triggered gap was also tested on the XT-1 
equivment which required a 7 KV pulse at 140 amperes. The 
gap could not handle this power at a PRE of 2000 p.p.s. 
With a 15 KV pulse, 150 ohm PFN, PRF of 1000 p.p.s., (100 
amperes) the gap was run over 240 hours without adjustment. 
At this point the “timing™ sounded bad. The wear on a 
60 mil trigger wire was 5.5 mils per day. A total of 
17 1/2 days of running wore the tungsten anode button 
which started with a 91 mil hole to a 97 mil hole, a 
total of 6 mils. This wear was too much for satisfactory 
operation. 

3. RCA Point-to-plane triggered gap 

Barly in 1942 RCA developed a point-to-plane type 
of spark gap, the general constructional features of which 
are shown in figure 6 (a). 


It had been found in earlier spark type pulsers that 
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the reverse voltage following the trailing edge of the 
pulse necessitated the use of a diode across the pulse 
forming circuit so as to vrevent the reverse energy from 
discharging through the gap. Without the diode the gap 
was extremely erratic. The gap then used was of a point 
to point tyne. In order to obviate the necessity of the 
damping diode a gav having considerable valve action was 
developed. This vermitted the dissipation of the rever- 
sed energy, during the pulse interval without producing 
reverse current through the gap. To increase the valve 
action of the gap a coaxial high velocity air stream sur- 
rounded the point electrode. This air stream was directed 
toward the plane electrode as shown in figure 6(a). It was 
found that about 6 to 14 pvounds of air pressure was 
necessary; below 6 pounds the gap arced. The air stream 
assured more nearly complete deionizing of the gap with 
consequent improvement in stability. The air stream 
served also to limit the temperature rise of the gap 
electrodes. D.C. tests on this gap indicated a ratio 

of apvroximately 2:1 for the non-conducting and conduct- 
ing directions of voltage. It was observed in these tests 
that if the point electrode diameter was small with regard 
to the gap spacing a cold discharge took place about the 
point electrode and a small “dark current"* existed 
through the gap. As the voltage was increased the cold 


*A subnormal glow discharge which is insufficient to cause 
an electron avalanche, Windred(2). 
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discharge gave way abrupntly to a continuous discharge. 

As long as the air pressure was maintained constant and 
fora fixed electrode spacing, the gap ionizing potential 
was precise and repeated within an error of plus or minus 
2% (i.e., at 30 KV where these tests were performed, the 
total voltage extreme was 1.2 KV for the resetting in- 
accuracy. 

The circuit arrangement used for overvoltaging of the 
gap is shown in figure 6(b). An oscillator of the "RC" 
phase shift type opverating at 200 KC supplied a phase 
shifter permitting ohase shifts of nearly 180 degrees. 

The output of the phase shifter was limited and differ- 
entiated to form a pulse suitable for operation of a two 
stage counter. The output pulse from the final counter 
was adjusted to a pulse frequency of 1000 cycles per sec- 
ond. This pulse was further differentiated and clipped 

to provide a positive pulse of approximately 1 micro- 
second duration for the grid of the trigger tube. This 
tube was of the modified 829 type. The anode potential of 
the 829A was 5 KV and the average plate current about 35 ma. 

The pulse delivered by the trigger tube was inductive- 
ly coupled by means of a pulse transformer L,-L,,, figure 
6(b), in series with the output terminals of the PFN and 
the gap. Therefore, the gap was overvoltaged at the 


trigger repetition frequency. If Loi had been allowed to 
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remain in tm@e Circuit auring the pulse the» Tulse rise 
time wculd havebeet. greatly increesec. The effect of 
the inductor L7] was therefore removed after the start 
of ionization of the pulse forming gap by an auxiliary 
gap shunting the inductor Lj ,- The potential to ionize 
this gap was derived frcem the rise of the main pulse 
and was equal to Ljjdi. 
Primarily the aan for starting the system ata 
frequency of <00 KC was to provide, eventually, a means 
of measuring the time stability of the varicus stages of 


the system by superrposing the sampled signa] on the orig- 


inal sinusoid. The output of the sine wave generator 
was applied after suitable amjylificaticn to a cathode ray 


oscillograph, and provided a time axis of 2.5 microseconds, 
five inches in width. Time discrepancies of the sampled 
encrgy could therefore oc read to better than 0.05 micre- 
second. The phase shifter enabled the superposing of the 
sampled pulse on the optimum tortion of the criginating 
sinusoid for ezese of reading. The modulator wes designed 
to deliver 2O KV pulses, 1 mocrosecond wide, to a 300 
ohm load. The peek ptov.er output wes therefore about 
1.5 megarattse Tne jitter time was measured as 0.05 
microsecond for the leading edge of the pulse ana approx- 
imately 0.1 microsecond for the tréiling edge. The 
experimental model of this errangement was operated for 
arpproximetely 200 hours producing etching of the plane 
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electrode to a depth of apprcximately 0.002" 

over an area 1.5 inches in diameter. The roint 
electrode appeared glazed but the amcunt of metal 
bemoved wes extremely slignt. It was found that the 
arrangement was not critical to gap adjustment nor 

air vressure, althcugh dust particles did, on passing 
thrcugh the gap, cause an cccasional miss of pulse, 

A calcium chloride glass wool filter in the air system 
for filtering and drying effcctively removed this form 
of instability. 

ITonizaticn time of the pulse forming gap was 
measured by superposing increments of the trizger voltage 
and the main yulse on the 2.5 microsecond time axis. 

Tne leeding edge of the main pulse lagged the peak of 

pae trigger imlse by 0.15 microsecond and was essentially 
eccnstant. 

“a, Bell Laboratories Triggered Gap 

In July 1942 Mr. W. M. Goodall of Bell Telephone 
Laboratories reported an ex;erimental megawatt pulser 
using a three electrode fixed gap, Goodall (8). The 
The generel circuit errangement used is shown in 
figure 7. The ccntrol voltage for this triggered srark 
gap was onteined from a rotery gap and tulse transformer. 
The :ulse rate wes 480 pulses per second end the yower 
delivered to the loed was about 2 megawetts reak for a 
1 microsecond pulse. An 2@ir blest wes directed through 
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Bel/ Laborarories Triggered 
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the G@ap togcleer awey the ionized air. The gap was 
found to need edjustment «et intetvals of 300 to 400 
hours. This adjustment only required the turning of 

a knob a fraction of a turn. One gap had been run for 
a totel of over 1200 hours at a gep current of 400 
amperes. The electrode material used was mclyodenun. 
The unit wes designed to operate with 10 KV on the 
fixed gav (5 BV across the load). The voltage control 
Tange wes ehout 25% for a fixed gap setting. It was 
found thet less trouble wes enccuntered in ¢extin,uishing 
the fixed gap if suction wes used instesd of blowing. 
With © vecuum cleaner motor as e blowing device 110 
volte were required, wheres 60 volts wculd do the job 


when the motor wes used as a sucticn de.ice. fore 
effective air flow lines in the letter cease ere pelieved 


eo aGecmny LOrethne better oOmeraticn. 

No informaticn is evaileble as te the jitter time 
obtained with this @*@r. It wes uvrdcub@edly of the order 
of 50 microseconds or greeter because of the trigger 
source uveed. 

5. Khediation letoratory Triggered Gaps 
Figure 8(e) is e reugh sketch cf cne tyre of 
fixed g#p which wes exrecrimented with et the Rediaeticn 
Weborabory during the war. The cress-hetchcd merts were 


mage of tunsseten. At 40 emper-s end 3O K\ this grrengement 
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ie mi @CjuUst@ment free life of ckeut 100 hcure. Ms 
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int Qe baer iS amvowien lowes to pwukoec rate wced or 
air viegt wiegeace ry. 
Hel lowhmg wiCsnk remerted ag the Bng@lich en the tirage- 


atron the chove ge". wes enclosed in @ glé.ss cnvelore 


iw@etrcessrerce cf a mixture of 95% 


3 
“%) 
Oo 
Fh 


et © Pressey. 
Argon and 5% Oxygen. Thise mixture werked abcvt as well 
end had e« loncer life, then one of 90% Argon end 10% 


Oryren, tnen being used ty the Hnglish. Thre life of 
200 hours. 


Another gep configuration tried at the hadiation 


mie Tormer was of the crder’ cr 


bheboreicry is ‘skown in fapure 8(b). Wo date is eveilebie 
Pe gerding, the reésvilts chteinéd with this gep, which wes 
very similer to ene used by Tenks (see figure 5(a). 

edon after work started on the hydrogen thyratrcn and 

the English trigatrcen the Radieticn Laboratcry arrerently 
stopred werk cn triggered air gops. 

6. westingkcuse ‘triggered Gaps 

The early work et Westinghcuse blectric Corporetion 
cn fixed spark gaps centered mainly on ignitrons, Veatrens 
end Trigetrons, Slack (10) & (14). 

Ignmitrons vere ceveloped which were cepable of 
Switching 50 KV pulscs at 1000 p.p.s.. passing currents 
of 100 amperes 4t en ambient temperature of 40 degrees C. 
The rest life o}.teined was abcut 1CO hours: feilure of 
the ignitor being the scurce of trcuble. Ignitrons have 
the disadaventege cf recuiring en erect stable mcunting 
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ana work cn these tubes vas stcpred early in 1942. 

Tne Veetron*® is @ vacuum erc switch the general 
arrengément cf which is shown in figure 9. It ccnsists 
of & very nerrow @e@p between two electrodes A and B end 


ga third ¢lectrode which is U-shaped. A and B are the 
trigser electroaes, an arc being sterted between them 
by field emission. hither A or Bis the cathode, and C 


Mm twne ancde. The trigger arc transfers to the anode if 
C is positive end greater than 150 volts. The spacing 


between A.end B must be meinteined at abcut 1 to 3 mils 


for setisfactory oreraticn. Voltages up to 40 KV can be 
switched with this daevice and its handles currents of 


@everci Nundréd amperes. The Veatren was seriously 
limited by wesring away of the trigger elcctroces and, 
although a mechanical device was developed for keeping 
the gep spacing within the working range, it never came 
into general use. 

Beginning in May 1942 Westinghouse concentrated 
on enclosed pressure gaps similar to the British trig- 
atron, Slock(10). The rossibility of improving the 
British design was investigated. In additicn Sleck 
considered radicelly different cesigns using various 
Comb. nesttiens of gases at high pressures in an attempt 
temeet 2 design to cperete at around 25 KV, switching 
pulses of better than 1 megawatt. Considerable work 


was done on trigger pin height, pin spacing end main gap 


™,estinghouse Lhlectric Corp. designation. 
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spacing. In general with a smell pin stecing of the 
order of 30 to 40 mils betr.een the pin and the outer 

cup, thre range of orere tion was independent of pin 
height. Larger pin spacings wculd opersete at lower pres- 
sures. It was found nowever that for the higher FRI's 

a closer main gap spacing and high pressures were needed. 
7. Camp tivans Signal Leboretory Modulator 

This triggered spark gap modulator was reyorted 
at the licdulatcor Collcquim, kadiation Laboratory in June 
1943, Gorhan(11). It attempted to eliminate the wear on 
the triggering electrode found in most triggered spark 
Pemo. tJhis weer is. caused by the fact that the fine 
triggering ¢lectrode is often part of the main spark 
discnerge. 

This modulatcr boasted that at pulse repetiticn 
rates of 200 to 400 pulses per second, no air blast, 
cocling; nor ultra violet light was required for accurate 
synchronization. (Note: A scurce of ultra violet light 
is scmetimes used as the trigger to provide ions to 
inzate “He arc. ) 

Essentially the gap (figure 10) consisted of a 1/4? 
cathode, 2a 3/32" encde, and a triggering clectrode 
extending around atout 120 degrees of a 3/16" radius 
arc. An electrostatic plate about 3/4" in diemeter was 
located about 1/4" below the main gap and 1/8" below 
wee triggering electrode. The trigg@ering clectrode 
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was made of 10 or 15 mil tentalum and had a shary~ inner 
edge. The main gep separaticn was rcughly 1/4" and 
voltages of 10 to 15 KV were controlled. 

The triggering voltage was generated by an R-C 
Sccisgmanor fecding a blocking oscillator ahich cut Gir 
an 807 tube having about 30 mh. as a plate load. The 
pulse output vcltage of this circuit was roughly 200 
volts and wes sufficient to control voltages up to at 
least 15 kilovolts. 

This gap was run for 1000 hours «at <00 cycles per 
second with about £0% tolerance in operation voltage 
and 1/20 of a microsecond jitter. There was no visible 
corone or spark tetween the triggering electrode and 
the main electrode, so that the wear on the triggering 
electrode was impcercettible. The triggering electrode 
was loceted far encugh below the main gep so that snall 
chenges in elcctrode lengths, due to wear, aid not 
appreciably change the firing requirement. Weer was 
compensated for by means of scr-w adjustment of the 
anode. 

Since all the parts were stationary and the main 
electrodes were made of inert metals, this wes enclosed 
in a double wall celotex box so as to reduce the scund 
of the gep. 

The life test on this gap was run with a 50 ohm 
resistive load to represer:t the load rresented by the 
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yrimary of a yulse transformer delivering one mega- 
Watt, 1 b/e microsecond pulses to a transintting 


Tube. 
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CUHKRENT wORK EHLSHWHERi: 
1. University of California High Power Gaps 
ae G.neral Nature of Work 

During the last 2 years the Microwave Laboratory 
of the University of California has been investigating 
triggered spark gaps as a tossible switch for high 
power resonatrons, Marshal1l(12)&(13). In their experiments 
they have charged pulse lines to varicus voltages in 
the range up to 70 KV and switching has ‘seen sccgiamaRaee 
with varicus types of triggered spark gap circuits. 
These triggered spark gap circuits were found to give 
excellent performance and reliability in switching peak 
powers of 2CO to 400 megawatts, at average powers of 
bo to 80 kilowatts, and it appears that these pewers 
can be exceeded. Triggered spark gap circults were 
developed which have a very low jitter time, of the 
Order of 0.01 microsecond, which pemmit a very mapnd 
voltage rise across the loed and which have a large 
vYoleece contrcl range, < to or greater. 

Tests were conducted to determine the optimum size 
On trimecr gap and trigger electrode. In their early 
experimeits small gps and trigger electrodes were used. 
These were cper: ted for approximately 25. hours in a cir- 


cuit with the following characteristics: 
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stand-off Voltege 


Pulse Length 
FRE 


Fulse Line bo 


Mein Hlectrodes 
Trigger Wire 
Trig. er Hole 
Gep spe.cing 


mir pressure for 
Blowing Gep 


Jitter Time 


Up toa 65 EV (oyereted most 
cf the time et approx. S@PKY) 


2-80 microseconds 


Ceo DeDess 


50 ohms (i.e., usuel peak 
~ower approx. 12.5 megawetts) 


2 3/4" diametei copper with 
2 KR fee 

0.016" diameter copper wire 
0 .0se-"1n Giameter 


1e4 incnes 


Approx. 5 pounds 


Approk. OG1 microgecond 


The erosion of the electrodes w:zs not excessive; the 


0.016" trigger wire still wes essentially flush with the 


SBrowunda electmode surface. 


The edges of the 0.036" trigger 


nole wes worn down a little and the untriggered electrode 


was eroded down to somewnet of a flat over a region 3/4" 


in diemeter. 


In their more recent work with Gmtremely high peer 


pulses Professor Marshell (12) and colleegues have directed 


teerr erfo:ts toward closer stuuy of high voltege trrecer 


Gap opergtion. Ressons for chénging ito high trigser 1o0lt- 


ege were: 


(1) Lerge trigger gep dimensions are impervicus to 


erosicn chen es. 


(2) More trigseriug ecticn permits increased voltage 


Comino. range. 





Simplicity 
Fast rise time 


: Air Blast 
= ye 4 le 


Advantages: 





al Trig. Disadvantages: 
In Limited voltage 
control range 





(a) 


Simple Triggered Gap with no Overvoltage 


Short Antenna Wire 
on Trigger Point 


Se 


Ai 


“Vide control 
with high 
dependability 


Advantages: 
range 


Disadvantages: Slow pulse 
rise time because of 
added impedance of 
pulse transformer 





(b) Overvoltaged Triggered Gap 


rae, — 


inane “ide 
control range 
Fast rise time 





Disadvantages: 
Complicated 
Circuit 


(c) 


Two Overvoltaged Triggered Gaps 


MercAG TKI SG2RED SPARK GAP CIRCUITS 


Fig. if 
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SIMPLE TRIGGERED GAP USING LARGE 
“YB TRIGGER Roo yn /” HOLE 


; Figures indicate jitter Time in hundredtas ofa mitrosecond 
as estimated by observation of e model F- Synchroscy?, 
Firs? fxrgure 1s average jitter, Selond frgure /5 /nakitnun 
ST ter (excluding ursynchroni ze d pulses). 
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q 
(3) Greatlyfrecucea jitter time. 
The mein electrodes being used in these latver exper- 
Geents @.e elliptical in shepe and z~vout 9" in diemeter. 
The trigzer electrodes aie 3/8" or 5/8" rods centered in a 
2 1" hole in the grcund electrode. 
Some t¥rical spire gap circuits used are shown in 
figure ili. 
bd. oSimple triggered gap with no overvoltege 
The simrle triggered gap shown in figure 11 (a) is one 
eeweco tivyim@ is brovehnt on solely by tne presence of 
eecring sperk. The gap setting can pe adjusted for any 
Voltage setting, e-g., 90 kilovelts. Voltage control renge 
is 6ppreximetely 25% for a fixed gap setting, e.g., 37.5 KV 
womoe KV. Ine simple triggered gap permits fest oltage rise 
time ecress tre loed beccuse of the low impedance circuit. Us- 


Poe lorce trigger eans end hifh toltage trigwer (i.e., trif@@er 


cr 
ae ~ ah 


mogumeme rises tows=rd 70 KV) jitter time is less thens0.01 micro- 
seccnd nesr tne free-running ger voltccfe. 

mome t¥picse’ date far op#raticn of simple trigefered 
See With nc ofgervoltwme arm shc?n in figures 12 end 13. 

Css Overvol tamed triggered gan 

da2 ccntrcl renze of the triggered gay can be extended 
Censigergelc if ths gen is @uerveltagedcui'd trigmered by 
Wows Of &@ {ics trans; cemer in serims with tre w@atiwen@d the 
t@@cd.eas sh@wn is figure 11 (%). This circvit isealec car- 
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Sole Gi) vour ligbeweltasze, very high powers. reoletiveby 
feemeece Tres crerc tion, withec very Merge ~cltq@mec ccntmel 
Bemec. Heweter, tee gulcse line gmustedischargs tercueh the 


ecengwr. ci the overveltesing «nd trigsecring tr: nsformer, 


~ oe ov 


* 
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imeeorehys mcreacing tne cltage rise time ecross the ihead. 
Peeecircuit is excellent if lene pulses ¢re used gnd the 
er 2 iee tine is not objecticnaelle. 

Tne wi ceticme wreere chert polsec @nd or feet rise 
mano wre desired it 1c impecscible to ineert the seccndary 
es wee pulse trensfcormer? in series with the fer end still 
_eemumin & iwet rise of the mein pvlse. kA traggering pulse 
GeemtsiLormer woth w core which is easrhly seturete@ by the 
meee Sllermw tends te orerceme thie citficwult;, but vewious 
Grawbeeciss arescncountered, perticuheriy wi thehighepulse 
eurrent od newer. 

Yecte made 2t the U~ie cusityepof GelifiemniaRadiatig 
2 oOlmwecits, ait short pulse lem@ihs, gemenstmateda the 
feesibility of using a hydrogen-filled discharge tute to 
meme OUD the secendirm cf the triggering pulse transfermer 
erter it had prowided the trigger end cmervcltage tc break- 
Gdowathe siresgap, It wes founa that even when an r.f. glow 
Was me@inteined in the ges discharge tube to mininize jitter 
time, tme tube presents a high encugh impedence te the trig- 
Berineeypuls-«<ter aefracticn of awmmicrosecend to allow the 
Tome@eering palse tramsformer to preperly cvervolteme aqnd 
Gimleeer tiewcoir gep. The hydrogen Cischarge tube hes been 
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reecentiy climangtec by substitutiwe 2a second trig@ermed spark 
ger te short cut the secrndery of the overvcltaging and 
triggering transfcrmer «fter the breakdown of the first gap. 

qd. Two Overvolteged Trigger Gaps 

Tae meet setisfectory triggerimge circrit was founda to 
me that sye@wn in figure 11 (c). In this circuit the polar- 
wiv Of tae trigaer is opposite ta that ofp tise higw wmoltace 
Bap electrode, so that the first gap is overvcitaged by the 
trigger efter the small triggered gap has been broken down. 
ithe mee@ntime the seccnd small triwsered gap Tires and 
thus géep number 2 is prerered to breakdewn quickly once it 
@eeeewes tre full nulse line voltage as a result cf break- 
Gem of @ep number 1. 

During tests meade -.t the Universit, of California on 
[oie type circuit jitter times of 0.05 micresecands or less 
were obteined over en operating renge of approximately 50% 
Gath Gemassimum voltage for the gap setting. More then 
Tamed ampereseat & repetition rate of 30 pulses per second, 
Oo @ecrosecends wide, were handled with this gap «t a stand- 
off voltege of epproximetely 58 kV. Tiis corresponds to 
435 megawatts peak power switched, and an everege power 
of 65 kilcwatts. At scmewheat reduced voltages the tests 
were performed at reretiticn rates of ~O pulses per second. 
Hor handling high cu: xents, the use of tungsten trigger 
roints was found tc be edviseble in order to minimize 


detericraticn. 
a] 





Abcut June ,i950 the liicrowave Laboratcry, University 
em Catamome@e, plans to issue a technical report covering 
their work on trig~ered spark geps and giving informaticn 
from wrich e triggered gap may be designed tc meet a par- 
meeculer need. 
2. Air Force Research Leboratory High Fower Gap 

CumGemociy the Air Force.Cambridge heseereh Laboratery, 
Cambridge, Massachusetts, is working with triggered open- 
air spark géeps with the object of gaining information for the 
design of a suitable switch for a 200 megewatt modulator. The 
meewors ci chief interest in this connection are reliable 
Spetotion end leng life. As of March 1950, a rélatively small 
emacunt of work hed been accomplished and no reports had been 
Merccen on the subject. The first tests were conducted with 2 
inch diameter spheres of chromium plated brass. The grounded 
electrode contained a hole approximetely 1/8" in diameter, 
in the center of which was loceted a 1/16" diameter tung- 
sten trigger electrode. This gap configuration was found 
to give good operation over a range of charging voltages 
fromthe maximum operable value down to 70 per cent of 
this velue, for one setting of the gap spacing. Time 
jitter varied inversely with forward anode voltege from 
several microseconds @t low .cltage to approximetely 0.1 


microsecond at the maximum operable voltage, for one set- 


ting of the gap spacing. 
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Some life tests heve been crnaucted under the follow- 


eye conditions: 


Stand-off Voltage 60 aI. 

Pulse Current Zon OR iimeres 
Pulse Fower 80 Megawatts 
Pulse Length 12d Microseccnds 
PRE 60 DeD-Se 


The chromium plate disappeared immediately from the sparking 
area.. Operaticn ccntinued satisfactorily for about one hour 
at the end of which time the gap began to fire prematurely. 
Hxeaminaticn of the sparking area under a microscope showed the 
formation of ridges and globules on the anode ball, witl one 
SWoOouUlLe much larger than the rest. The large globule protruded 
QO.0O11 inches from the surface of the sphere and was responsible 
for the premetu.e breakdown of the gap. Removal of this pro- 
trusion permitted normal operation again for about one-helf 
hour, at the end cf which time another globule had formed. 
This precess was repeated a number of times, always with 
Similar results. The copper in the sphere had probably 
melted during the are and been drawn into globules which 
apparently consisted of crystalline copper metsl coated 
With black copper oxide. The cethode ball showed no 
such formeticns, but the copper wes woin away from it 
Were Taprdly than from the anode ball. 

A tungsten rod 1/4" in diameter wes then inserted 
into the anode ball ena smootned off flush with the surface 
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Some life tests heve been ernaucted under the follow- 


ing conditions: 


stand-off Voltage 60 KV 

Pulse Current 2670 Amperes 
Pulse Fower 80 Megawatts 
Pulse Length 1.25 Microseccnds 
PRI 60 PePeSe 


Tne chromium plate disappeared immediately from the sparking 
areea.e Operaticn ccntinued satisfactorily for about one hour 
at the end of which time the gap began to fire prematurely. 
Examinaticn of the sparking area under a microscope showed the 
formaticn of ridges and globules on the anode ball, witr one 
ePooulé much larger than the rest. The large globule protruded 
0.011 inches from the surface of the sphere and was responsible 
for the prematu:e breakdown of the gap. Removal of this pro- 
~ruision permitted normal operaticn again for about one-half 
heur, at the end cf which time another globule had formed. 
This precess was repeated a number of times, always with 
Similar results. The copper in the sphere had probably 
melted during the are and been drawn into globules which 
apparently consisted of crystalline copper metal coated 
with ble.ck copper oxide. The cethode ball showed no 
such formeticns, but the copper was worn away from it 
more rapagiy than from the anode bali. 

A tungsten rod 1/4" in diameter wes then inserted 
into the anode ball ena smoothed off flush with the surface 
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of the ball tc G@erve as @ syarking area. This operated 18 
hours with no treuble and very little wear on the tungsten. 
Failure was caused by sparking to the adjacent brass which 
caused the formation of a globule and the familiar premeture 
mere. Rheeently agaix of "6 inch diaméter brass tlettrodeés, 
with round tungsten inserts 3 inches in diameter which form 
the sparking areas, heve been built. These new electrodes will 


be tested in the near future. 
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LV 
CUR LNT WORK AT WESTINGHOUSE 


1. The experimental modulator 

The current work undertaken at Westinghouse Electric 
Corporation was for the purpose of investigeting the poss- 
ibility of using en open air triggered spark gap switch 
in a high-power high repetiticn rate mcdulator. The gen- 


eral design specifications for this modulator are: 


Power Output of Magnetron 2 Megawatts 
Load Impedance R, <0 Ohms 
PREF and Pulse Length 1200 p.p.Se- 1 micro-— 


second 


500 peDpeSe- 4 micro- 
, seconds 


Assuming 40 per cent megnetron efficiency the power input 


to the magnetrcn must therefore be 


10 


) 


- 5 megewatts. 


2 megawatts x 


ifs 
© 


Assuming 5 per cent losses in the pulse transformer the 


power input required to the load is 


5 megawatts x ee e 5.<6 megawatts. 


The peak pulse voltege across the 1loed will then be 


EH --+/~povwer out x Ro 


Ew 75.26 x 10° x 20 


H. 1On25 oe 
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Assuming 5 per cent loses in the charging reector and 
FIN and a 600 volt drop ecross the charging diode the 


D.C. voltege needed is 


95 


In order to have 2 working renge it was decided to use 
Peemevy D.C. Supply voltage and tc charge the PEN to nearly 
twice this value (say 25 KV) using D.C. resonance charg- 
ing with a hold-off diode. The general layout of the mod- 
uleator is shewn in figure 14. In the absence of the oute 
put pulse transformer and magnetron a 20 ohm water-cooled 
load, made up of non-inductive Ward Leonard plaque resistors, 
was used. A Single choke was decided upon for the final 
charging reactor in order to eliminate the necessity of 
changing charging chckes when changing PREF. The charging 
inductance therefore had tc be smell enough to permit the 
PHN to charge up to full voltage each time, at the highest 
PRE. 

The schematic diagram of the PFN used is shcwn in figure 
15. & single secticn was used for the 1 microsecond pulse 
giving a pulse shape of a half cycle of a sine wave which is 
half critically damped. Since 4 secticns were used for the 
@ @icroseccnd pulse, the pulse shape wes more nearly rectang- 
ular. The choice ot Ko, the characteristic resistance of the 


FFN, and , the pulse length, dictates the values of storege 


capacitance, C4: 
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6 = 2 Ro Cet » Glasoe (3) 
For the 1 microsececnd pulse, 


6 
C = & - (JX = 0.025 microfarad. 
st 2Ro = 40 


For the 4 microsecond pulse, 


6 
40 


When the spark gap fires the load current is 


ian oe 12.5 KV - 625 amperes. 
L 20 obms 


Peak power output of modulator is 


p. Be - (25)*. 17.8 megawatts. 
re oe 


Average power input to modulator at 1200 p.pes. 


-6 


- 7.8 x10° x 1200 x1 x 107° - 9360 watts 


Average D. C. current required 


9360 «= 0.72 amperes D.C. (at 1200 PREF) 
L3KV 


To realize a PRF of 1200 with Cy, = 0.025 microfarad, using 
D.C. resonant charging, the charging choke must resonate with 
Co, at a freauency of 1200/2 = 600 cycles or greater. 


—— ae 1 sisi 2.82 henries 


D aa 
Ww (27x 600)" x .025 x 107° 


48 








Ost 





To allow for tolerance in construction of the charging choke 
and the PRY, the charging choke was designed to have an 
imeuecbance of 2.5 henries, giving a cherging circuit réson- 


ant frecuency of 638 cycles/sec. At 1200 p.epes. 


I peak - B 15 KV - 1.5 amperes. 


oa Oe Sete oe 7a oe oe ey Ort 8 


C w is Ox 638 x 2.5 x1079° @* 


Hor the 4 microseccna pulse length the PREF - 300 and the 


resonant frequency ot the charging circuit resulting is 


f = eee St S1S ‘Capes 


om 72.5 x 0.1 x 1078 








Be 500 DePeSe 


I peek - 15 KV « £.6 amperes. 
277 x 318 x 2.5 x 1078 


A UE 576 was cl.osen tur the hold-off diode. 

For the main high voltege pover supply a 48 KVA, 3 
phase, inducticn heater transformer was used. This trans- 
former delivers 11 KV D.C. at 4 amperes with 210 volts 
into its primary winusugs. By raising the primary voltage 
an output voltage o1 15 KV D.C. was obtained at reduced 
current. The schematic of the main high voltage supply 
is shown in figure lo. Six 371B rectifier tubes were used 
Sliving full wave rectification. A 4 microfared filter 
capecitor was used with a 1 megohm bleeder resistance. 

The schematic diagrem of the experimentcl modulator 


is sncwn in figure 17. A complicated filement supply was 
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necessary for the hold-off diode. The only filament trans- 
formers readily available were insulated fcr 13 KV, so it 
Was necessery to placé two of them in series with another 
low .oltage rating filement trensfoimer between therm in 
mmrer FLO insulate the catnode of the hold-off diode for 
tie 26 KV peak voltege. This dropped the filement volt- 
age to about 4 volts and made necessary the use of an 
additional step-up transformer and variac. 

The trigrer supply was designed to give an open cir- 
cuit voltege of 70 KV acrcss the trig.er gap. This high 
trigger voltage wes desired to give a very short rise 
time, thereby reducing the pulse jittzr time. D.C. rese 
onant cherging with a diode was used to charge a 0.02 
microfarad capacitor to 7 KV. At the proper instant this 
capacitor was discharged through the primary of a 1:10 
step-up pulse transfcrmer by a 5C22 hudrogen thyratron. 

A large laboratory power supply rated at 0-20 KV D.C. and 
O-100 ma was used to supply the trigger power. <A damping 
diode wes useu across the 5C22e to remove the inverse 
weawege leit on tne 0.02 microfarad capacitor after eacn 
pulse. A resistor ond inauctor in series with this diode 
were found necessary to reduce the peak current through the 
diode to acceptable values. 

The trigger for the hydrcgen thyratrcn was obtained 


from a synchroscope which was keyed by an audio oscillator. 
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This errengement wes used to simplify ccnstruction ana to 
permit ease of viewing circuit waveforms. Since the trig- 
eer output of the sunchroscope wes rethezr week for trigger- 
ing the hydrogen thratron, a trigger amplifier was used. 
The schematic diagram of the trigger amplifier is shown 
fmoetisume 18. It consists of a blocking oscillator and 
and 807 cathode follower. ‘The 6J5 blocking oscillator is 
mainteined below cutoff in the absence of a triggering 
voltage. It wes designed to work over the range of 300 

to 1200 cycles/sec. The .00015 microfarad coupling cap- 
acitor between the synchroscope and the blocking oscill- 
ator grid was necessary to prevent the relatively wide 
synchroscope pulse frcem double trigzering the blocking 
oscillatcr. A despiking circuit consisting of the coupling 
Cable capacity (about 250 micromicrofarad) anda shunt 
anauctance of 30 microhenries was used to prevent grid 
spikes from the thyratron from reacting back into the 
beeocking oscillator. 

The floor plan of the experimctntéel modulator is shown 

ja tigure 19. 

2. Hlectrode design 

A sketch cf the first gap tested iz the above mod- 

ulator is shcwn in figure 20. This gap followed closely 

a design suggested by Frof. L. C. Marshall (12) and (13) of 
the University of Califernia for switching 20 megawatt 


pulses cst 60 p.n.-S. with a standoff voltage of 40 KV. 
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The main electrodes were hemispheres 5 1/2" in diameter. 

A 5/8" trigger electrode was used in 2 1" hole in the 
ground electrode. It wes soon leerned that the electrodes 
were bani larger than necessary fcr the lower pulse 

powers to bc switched, since the electrodes ran cool and 
te are was concentrated in 4a very small central area of 
the electrodes. It was also ooserved that when the gap 
merece ran "* the arc took place across the wide part of the 
gap near the exhaust end. This took place at powers and 
PRF's much lower than the design specifications called for. 
These first electrodes were made of aluminum end eroded 
quite repidly. The high vcltage electrode had a central 
area about 3/4" in dismeter which was pitted badly after 

a relatively few hours of operation. 

The electrodes shcwn in figure 21 were designed to 
reduce gap size and thereby permit better scavenging of 
the ionized air with a reduced air supply. The main 
electrodes were 1 7/8" in diameter; the faces having a 
11/2" radius of curvature in an attempt to spread the 
arc over a wider area of the electrodes. The trigger 
electrode was 3/8" in diameter centered in a 5/8" hole 
in the ground electrode. Copper was used as the electrode 
material in gap number 2 because of ease of manufacture, 
hewever, although the erosion was much less than with the alum- 


‘ 


inum, it was readily apparent thet copper wculd permit only 


* Gap self ignites before trig; ered. 
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a relatively @hort life. For lack of a better housing at 
hand the gap wes mounted ina transite pipe having an 
inside diameter of 3 inches. This arrangement looked prom- 
ising at first since 8 megawatts were switched 2t a PRF 
Saetoe Iibepes. It was fcund, however, that upon being heated 
the transite pipe ceased being a good insulator, and arcing 
took place between the hign voltage electrode and the pipe. 
The electrodes were then mounted i. the large rectangular 
box shcwn in figure 20. Results obtained with this arrange- 
ment were slightly better than with the large electrodes. 
The latest gap tested at Westinghouse is shown in 
figure 22. These copper electrodes are similar to those 
of figure 21 except that they are hemispheres 1 7/8" in 
diameter. It was felt tnat the sharp corners on the 
previous gap electrodes contributed to erratic firing. 
Using these hemispheres and a lerge amount of air (see 
secticn 3 below) the design specificeticn of switching 
8 megawatts at 1200 p.p.s. may be met. 
5. Air blast problems 
The success realized by previous experimenters in 
the field, notably Marshall (12) at the University of 
Califcrnia, using a vacuum cleaner blower to py ovide the 
elt biest for the Sap, led to trial of this method in the 
beginning. This blower was cap ble of supplying ebcut 
90 cu.ft. of air per minute through a 1" diameter blower 
tube, giving a velocity threugh the gap of around 5000 
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ft./min. At 1200 p.p.s. this means that the ionized air 
Mai) tueavel only about 0.7" befeme the full standoff 
voltage has again been applied to the gap. The large 
rectangular box (figure 20) used with the arigineal gap 
geve poor air flow characteristics and effectively re- 
duced the interpulse air travel distance. 

In the secona gap (figure 21) a nozzle 1" by 1/4" 
was used to ccncentrate the air blast in the center of the 
@ep. Simce the vacuum cleaner blower operates poorly 
against a back pressure, a 1/4" compressed air line was 
used for the air supply. Complete tests were imvossible 
With this gep because of the failure of the housing. It 
was apperent hcewever that the better gap scavenging ovdtained 
because of the improved air flow lines permitted operation 
at higher pulse powers and high repetition rates. 

With the most recent gap tested the ncezzle outlet has 
been reduced to 1/4" by 1/2" and the air supply line in- 
crcesed to 3/4" in diameter. The line pressure of 100 lbs./ 
SGeelte 1S reduced at the nozzle input to 7.5 lbs/sq.in. ana 
abeut 200 cu.ft. of eir per minute is blown through the gap. 
in order to effectively reduce the gap hcusing a 3" diameter 
micarte tubing has been cut to slide over the electrodes. 
The air nozzle is centrelly located just at the edge of the 
electrodes and extends slightly inside tne micarta exhaust tube 
ing. With this arrangement, borderline operaticn hes been 
obtained at peak pulse powers of 8 megawatts switched at a 
Em of 1200 °peaes. 
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At verious times di.ring the tests air was supplied thrcugh 
the trigger gap with and withcut &@ main gep air blest. No 
noticeable improvement in opereticn wes cbhtained by venti- 
lation of the trigger gap. 

fameorder 0 amprevergap air Tlow Characteristics it is 
believed that a next step will be tc extend the main 
electrodes surfeces along the air flow path using insulator 
material. Tne purpwoe)e of this is to prevent expansion of 
tne air ena therefore maintain <= high air velocity until the 
air is well past the conducting electrodes. At present the 
air supply necessery mekes the triggered srerk gep en ime 
practical switen for ccmbinaticns of high pcwers end high 


repetiticn frequencies. 
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. V 
CONCLUSIONS 


During World wai Il triggered open aii sperk gaps 
were used by the Eritish, end to a lesser extent in the 
Mnited Stati<s, as reder moduletor switches at igh pulse 
repetition rates and low pcewers. 

Recent wo1ik shcws thet future applic#wticns of trig- 
Perea Oopemmenr sverk geps will probebly be in very high 
power (i.e., hundreds of megawatts) modulators opereting 
erperel@eivery low repetition rates, of the order of 250 
~.neS. Or below. The euthor helieves thet in this oper- 
ating ren@e the tri: gered open eir spark gap is better 
in cost, reliability, and power handling capability, 
then other mcdulator switches presently availeble. 

Open eir triggered sperk gaps e:e viry useful as 
laueOUetCCYry Switching devacesc since, by te simple exped- 
1ent of changing the gap length, a fiven gap cen orerete 
eueany power below its rating. Sesscning of magnetrons 
Can therefore be eccomplisned eesily using this type of 
modulstor switch. 

While the recent tests st Westinrrcuse sre incon- 
clusive, they tend to shcw thrt trigmered one:: cir sve rk 
aye mre imprectical for coebitgeticns of very high pewers 


aq0 hig reret-tics r- tes. 
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